Abstract Atomic force microscopy (AFM) was used to assess the indentation modulus M s and pull-off force F po in four case studies of distinct evidence types, namely hair, questioned documents, fingerprints, and explosive particlesurface interactions. In the hair study, M s decreased and F po increased after adding conditioner and bleach to the hair. For the questioned documents, M s and F po of two inks were markedly different; ballpoint pen ink exhibited smaller variations relative to the mean value than printer ink. The fingerprint case study revealed that both maximum height and F po decreased over a three-day period. Finally, the study on explosive particle-surface interactions illustrated that two fabrics exhibited similar M s , but different F po . Overall, it was found that AFM addresses needs in forensic science as defined by several federal agencies, in particular an improved ability to expand the information extracted from evidence and to quantify its evidentiary value.
Introduction
Many forensic analysis techniques generate information about how objects "look" to provide guidance for police investigations or evidence for use in legal cases. Examples include the particular features appearing in a fingerprint, the color of a paint chip, the striation pattern on a fired bullet, the line crossings in a written text, and the swelling or shrinkage of an environmentally-exposed fiber. Together with chemical analyses, such information enables the material forming an object and the object history to be identified. However, forensic analyses could generate significantly more information and thus better evidence if, in addition to providing information about how an object looks, analyses could provide information on how an object "feels." This is because how an object feels-its mechanical response-is also deeply dependent on the material forming the object and the object history. For example, the stiffness of natural and synthetic fibers differs greatly, and exposure to water alters the stiffness of each in different ways. Hence, development of quantitative methods to measure the mechanical responses of objects used in investigations and evidence would be a significant advance in forensic analyses. Scanning probe microscopy techniques-in particular atomic force microscopy (AFM)-provide a means for imaging objects and measuring mechanical properties at different length scales.
This paper makes the case that AFM has great potential as a technique in forensic evidence applications. The case is made by demonstrating in a series of examples how AFM measurements can be quantified, extending the technique beyond qualitative comparison of raw data. Specifically, the examples illustrate how a simple analysis method can be used to quantify two common features of material mechanical response: the elastic modulus and the pull-off force, the latter of which is related to the work of adhesion. It is recognized that this is only the first step in establishing AFM as a quantitative forensic evidence tool. The necessary second, and larger, step is quantification of the reproducibility of AFM measurements so as to provide a measure of the probability that an AFMmeasured quantity represents a particular material. Such quantification requires detailed statistical studies and must thus be the subject of future, larger, works focused on specific forms of evidence. In order to provide context for the examples to follow, the previous use of AFM in forensic applications is briefly reviewed, and the level of quantitative analysis assessed.
There have been several illustrations of AFM imaging for forensic applications: Quantitative analysis of human hair cuticles verified the usefulness of high-resolution AFM images in classifying hair samples [1] [2] [3] [4] [5] [6] [7] [8] . AFM images of ink line crossings have been exploited to provide qualitatively similar information to that obtained with scanning electron microscopy (SEM) [8, 9] . AFM imaging of gunshot residue was used to illustrate the morphology and distribution of residue particles and to deduce shooting distance [10, 11] . AFM images of materials exposed to ionizing radiation identified characteristic radiation defects that could be used in dosimetry [12] . Time-lapsed AFM images of blood cells revealed changes in cell morphology with time and the possibility of using observations of these changes to estimate time of death [13] [14] [15] . AFM images have revealed sizeable variations in the morphology of various viruses and bacterial spores, and how these variations change with the nutrient exposure [16] . AFM images have been used to image fingerprint residue [17] and powder spray [8] and to set the baseline structures of polymeric [18] and metallic [19] surfaces employed in latent fingerprint development. Statistical analyses of AFM topography measurements of textile fibers exposed to environmental stress were used to illustrate the ability of nanoscale images to distinguish different environmental exposures [20] . AFM images have also been used to distinguish various adhesive tapes [21] . Finally, AFM images of different explosive particles and substrates have been used to analyze the morphology of the particles and substrates [22, 23] .
There have been fewer examples of AFM mechanical properties measurements for forensic applications: Characterization of the mechanical properties of human hair cuticles was performed as a function of treatment type [3, 4, 6, 24] , ethnicity [6] , and environment [7] . Differences in the mechanical responses of fingerprint material and a glass substrate were demonstrated in air and water, although the data were not analyzed to extract mechanical properties [17] . Changes in the stiffness of blood spots with drying time on glass were demonstrated and the data were analyzed assuming an ideal elastic response to show an apparent increase in elastic modulus of the blood with time [14] . However, data were not provided to support the elastic assumption and the effects of the glass substrate were not taken into account. The effects of drying time on individual red blood cells on glass and mica substrates were quantified in terms of the adhesion force between a sharp silicon probe and the cells, after exposure to indoor and outdoor conditions [15] . AFM force-displacement curves were examined on a series of adhesive tapes and interpreted in terms of the force and displacement required to break the probe-tape bond [21] . Finally, AFM force spectroscopy was used to consider the adhesive forces between trinitrotoluene (TNT), cyclotrimethylenetrinitramine (RDX), and pentaerythritol tetranitrate (PETN) explosive particles and metallic and polymeric surfaces [22, 23, 25] .
There are three striking features in considering the works cited above: The first is how few of them there are, just over two dozen, given that there are about 10,000 AFMs in use worldwide. Second, almost none of the works had any specific follow up research given the demonstrated potential for AFM use in forensics. A third feature perhaps explains the first two: Most of the works reported results simply as observations with no analysis or with only semi-qualitative analyses; current methods of calibration and analysis of AFM mechanical measurements were mostly not used. Without rigorous, accepted methods of quantitative analysis, in either the "measurement" or "probability" sense, the ability of AFM to generate supportable forensic evidence is limited. As a result, the driving force for follow up research and publications on applications of AFM in forensic analyses also remains limited. In this paper, we start to overcome this weakness by demonstrating broadly applicable, quantitative, traceable methods for applications of AFM in forensics on four types of evidence: trace evidence, questioned documents, impression and pattern evidence, and explosive materials. In particular, AFM is utilized to study the mechanical properties of hair as a function of treatment type, questioned documents as a function of ink type, fingerprint residue as a function of time, and explosive particle-surface interactions as a function of fabric type.
Materials and Methods

Methods
A schematic diagram of an AFM is shown in Fig. 1(a) . Both measurement of mechanical properties and imaging of a sample are performed through interactions with a probe; the probe is attached to the end of a flexible cantilever that is attached to a holder controlled by the microscope. As the probe is moved over the sample by either sample stage or cantilever holder motion, mechanical interactions between the probe and the sample surface cause the cantilever to deflect. The deflection causes a laser beam that is reflected off the back of the cantilever to move over the surface of a photodiode detection system. In imaging mode, the probe is scanned parallel to the sample surface (with the xy scanner) and a feedback system coupled to the photodiode maintains the cantilever deflection at a desired set point via the action of a piezoelectric actuator (the z piezo); the feedback signal is used to generate a topographic image of the surface. However, the real forensic power of AFM lies in its ability to make localized mechanical properties measurements with great sensitivity. In mechanical measurement mode, the feedback system is turned off, the cantilever holder is moved perpendicular to the sample surface, and the deflection of the cantilever is measured as a function of the holder position. Appropriate calibration of the system enables the force F exerted by the sample on the probe to be determined as a function of the holder displacement d, an example of which is shown in Fig. 1(b) . The F-d data include both the extension (loading) of the cantilever towards the sample surface to a peak load and the retraction (unloading) of the cantilever away from the surface. Appropriate analysis of the F-d data enables mechanical properties of the sample to be determined; the probe can be moved to various locations on the sample to form maps of mechanical properties as shown later. As measurements of cantilever deflection determine F, cantilever compliance is selected so as to provide maximum sensitivity within the limits of the photodiode range, but not so great that the "snap-on" and "pull-off" instabilities [26] visible in Fig. 1 dominate the F-d behavior.
AFM measurements can be customized in many ways: Different tips can be used to probe different aspects of mechanical properties. For example, a conventional "sharp" silicon or silicon nitride tip is used for imaging and local property measurements with nanometer lateral resolution. A spherical probe tip, or "colloidal" probe, is used to generate spatially-averaged measurements with micrometer resolution. An advantage of colloidal probe measurements is that the probe material and size can be customized to investigate a specific material-material mechanical interaction. For example, the adhesion between an explosive particle (the probe) and a fabric (the sample) could be measured. The forces used in AFM measurements are small, from nanonewtons to micronewtons (one nanonewton is about the weight of a pollen grain), and hence AFM measurements are minimally invasive. In many cases, the probe interacts with the sample via short range surface forces or liquid capillary menisci. When the probe is in contact with the sample, lateral motion imposed on the probe causes the cantilever to twist and, after appropriate calibration, the lateral force between the probe and the sample can also be measured. Finally, AFM measurements can be performed in environments from ultra-high vacuum to liquids such as water and require very small amounts of sample material.
The basic experimental method here was similar for all four evidence types; the mechanical properties were measured with a commercially-available AFM at 25°C in ambient conditions using an AFM probe with a spring constant k c as measured by the thermal fluctuation method [27] . Each sharp or colloidal probe was inspected before and after force measurements via SEM to assess the tip radius R and check for damage or material transfer; R was found to be ≈ 40 nm for the sharp silicon probes and ≈ 12 μm for the colloidal probes, and no damage or transfer was observed. In order to determine mechanical properties, the deformation of the sample surface δ by the probe is required. Hence, force-deformation (F-δ) data were derived from raw F-d curves by subtracting the cantilever deflection F/k c from d to obtain δ. In all example studies, the unloading portion of each F-δ curve was fit to the Johnson, Kendall, and Roberts (JKR) contact model [28] (the use of which is justified later), which predicts the deformed shape of an elastic halfspace in contact with a sphere based on a balance between the elastic and surface energy. At a given F, the sphere and flat surface deform a distance δ to form a contact over a circle of radius a, given by
where w is the work of adhesion and E * is the reduced modulus of the contact. E * is a function of the indentation modulus
In mechanical measurement mode, the probe holder is moved perpendicular to the sample surface, and the deflection of the cantilever is measured as a function of the holder position. Appropriate calibration of the system allows the force exerted by the sample on the probe to be determined as a function of probe displacement relative to the sample surface. (b) AFM forcedisplacement data includes both the extension of the cantilever towards the sample surface (1, 2) to a peak load (3) and the retraction of the cantilever away from the sample surface (4, 5) of the surface M s and AFM tip M t , as defined by 1/E * = 1/M s + 1/M t . From equations (1) and (2), we see that due to adhesive effects the contact area A = πa 2 is larger than that predicted by the Hertz theory [29] , and remains finite until a critical pull-off force is reached, at which point the surfaces separate. In a load-controlled measurement, such as with a compliant AFM cantilever, the magnitude of the critical pull-off force F po = 3πRw/2. M s and F po were extracted from each F-δ data set with a four-step process: (1) assess F po from the retract portion of the F-δ curve as shown in Fig. 1(b) , (2) calculate w from F po via w = 2F po /3πR, (3) find E * by fitting the entire F-δ curve to equations (1) and (2) with E * as the fitting parameter, and (4) calculate M s from E * with M t = 164.8 GPa for Si(100) [30] . Additional information on this process can be found elsewhere [31] .
Materials
Despite the similarities in the overall experimental methods, the sample preparation for each of the example studies was different; each sample set was prepared in accordance with published protocols for each type of evidence. For the study on trace evidence, Caucasian hair samples were removed from a single source, washed with a commercially-available shampoo for 60 s, rinsed with deionized (DI) water for 60 s, dried in a N 2 gas flow, and stored in aluminum foil under vacuum. Three different types of hair samples were studied: "virgin" hair, "conditioned" hair, and "bleached" hair. The virgin samples were the baseline samples, as no further treatment was applied prior to the AFM measurements. In contrast, the conditioned and bleached hair received additional treatments; the conditioned and bleached hair were exposed to a commercially-available conditioner for 60 s and a commercially-available bleach for 1 h, respectively, and then rinsed with DI water for 60 s, dried in a N 2 flow, and stored in aluminum foil under vacuum [24] . Hair samples (≈10 mm long) were mounted onto AFM sample discs via a two-part epoxy only at the sample ends to ensure no interference with the top surface; the adhesion between the hair sample and AFM disc was found to be sufficient to keep the middle of the sample fixed to the disc during AFM measurements.
For the questioned documents study, line crossings were produced on plain copy paper, first with a commerciallyavailable laserjet printer (black ink) and then with a ballpoint pen (blue ink) [9] . The crossed-lines sample (10 mm × 5 mm) was removed from the paper with a razor blade and mounted onto an AFM sample disc using double-sided tape.
For the study on impression and pattern evidence, fingerprints from a single donor were deposited onto Si (100) surfaces cut to a size of 10 mm × 10 mm. Prior to fingerprint deposition, the surfaces were cleaned via a multi-step process: rinsed in isopropanol for 5 min, cleaned with 2:1 H 2 SO 4 :H 2 O 2 piranha solution for 10 min, rinsed in DI water and isopropanol for 5 min each, and dried in a N 2 flow. Furthermore, the donor's hands were thoroughly washed and dried to remove any superfluous material. The time allowed for sweat development was ≈ 30 min, after which prints from individual fingers were placed on the clean Si (100) surfaces [19] . The samples were mounted on AFM sample discs via a two-part epoxy and measurements were conducted on portions of the fingerprint over a 3 day period.
For the study on explosive materials, 0.5 % TNT polymer microspheres were fixed to AFM cantilevers via a two-part epoxy. The colloidal probes were brought into contact with 10 mm × 10 mm sections of cotton and rayon fabrics to assess their affinity for different fabric types. More details on the production and characterization of the polymer microspheres can be found in previous work [32] . In summary, the microspheres were prepared with an oil/water emulsion process using a precision particle fabrication (PPF) nozzle to deliver precisely-controlled microdrops with both the base polymer and explosive material into a water beaker. The PPF operating parameters were varied to regulate the droplet size and the final microsphere diameter. In this study, the base polymer was poly(DL-lactide/glycolide) acid, the explosive analyte was TNT, and the PPF operating parameters were adjusted such that the final microsphere diameter was ≈ 24 μm.
Results
Trace Evidence
Figure 2(a) and (b) show a schematic diagram and SEM image of a hair fiber, respectively. In general, each hair fiber contains three main layers: the cuticle, the cortex, and the medulla. At the surface, the cuticles provide a protective coating via overlapping cells, or scales, with thicknesses of 0.3 μm to 0.5 μm and exposed lengths from 5 μm to 10 μm. The cuticle layers surround the cortex, which is composed of spindle-shaped cells aligned along the fiber axis and comprises the majority of the hair mass. Finally, thicker hairs often have an additional loosely-packed porous region near the center of the hair, called the medulla. In all, each hair fiber is ≈ 50 μm to 100 μm in diameter. A representative F-δ curve on a hair fiber is shown in Fig. 2(c) . On approach, the deformation of the sample surface from the initial "snap-in" event to the underlying hair contact point, defined here as t a , can be related to the thickness of any surface layer (e.g., water, conditioner, contamination) on the hair, whereas during retraction, the F-δ data in the contact region can be fit to the JKR model to extract both the elastic and adhesive properties. Thus, the elastic and adhesive properties of both the hair and its surface layers can be studied by AFM.
AFM height, pull-off force, and indentation modulus data over 5 μm × 5 μm regions for virgin, bleached, and conditioned hair are shown in Fig. 2(d) , (e), and (f), respectively. For the virgin hair, M s was determined to be 2.4 GPa ± 1.1 GPa (unless otherwise noted, the experimental uncertainties throughout this paper are one standard deviation of the sample mean), which is in good agreement with results from instrumented indentation [33] , in-situ tensile tests [34] , and AFM [24] (2 GPa to 8 GPa). The large uncertainty in the M s value was due to heterogeneity in the cuticle layers, in particular at the cuticle edges as shown in Fig. 2(d) . The bleached hair exhibited a slightly smaller M s , Fig. 2 (a) Schematic diagram and (b) SEM image of a hair fiber. (c) Representative F-δ curve on a hair fiber. On approach, t a can be used to estimate the surface layer thickness, whereas on retraction, the F-δ data in the contact region can be fit to the JKR model to determine M s and F po . AFM height (left column), pull-off force (middle column), and indentation modulus (right column) data for (d) virgin, (e) bleached, and (f) conditioned hair. M s,max is 5 GPa for (d) and (e) and 1 GPa for (f) 1.8 GPa ± 0.9 GPa, most likely because the chemical treatment destroyed some of the disulphide cross-links in the cuticles, thereby weakening its mechanical properties [24] . Moreover, F po was found to increase by a factor of two in response to the bleach treatment. Such chemical treatments are known to remove saturated fatty acid lipid layers from the hair surface. As a result, the hair surface becomes more hydrophilic (as shown in contact angle measurements [35] ), which increases the thickness of the adsorbed water layer and the pull-off force due to capillary meniscus effects. For the conditioned hair, the average values for M s and F po were highly dependent on the position along the hair due to heterogeneous conditioner surface coverage, with a majority of the conditioner segregated at the cuticle edges (the latter finding reinforces a surmise from previous work [24] ). Overall, the conditioned hair exhibited smaller M s and larger F po than the virgin hair, consistent with a more compliant and thicker liquid layer on the hair surface. In particular, M s varied from 0.05 GPa to 0.5 GPa, in good agreement with previous AFM studies [24] . Moreover, it was observed that M s decreased and F po increased as the conditioner thickness increased, as confirmed by the strong correlations in Fig. 2(f) .
From the approach sections of the same F-δ data, average values for t a were also determined for virgin, bleached, and conditioned hair. It is important to note that t a is not equal to the surface layer thickness h, and tends to be larger than h by about 2 nm (i.e., h = t a − 2 nm) [24] . Two potential reasons for this offset are: (1) a thin surface layer on the AFM tip [36] , and (2) bulging and posterior instability of the liquid film on the hair surface [37] . For the virgin hair, t a was found to be 4.9 nm ± 0.5 nm, which translates to an h value of about 3 nm. The bleached hair exhibited a slightly larger t a , 6.0 nm ± 0.4 nm, which is consistent with the increase in F po from the surface becoming more hydrophilic and thus adsorbing more water. For the conditioned hair, the average value for t a was again dependent on the position along the hair; an example of F-δ data for conditioned hair is shown in Fig. 2(c) . At the cuticle edges, t a ranged from ≈ 5 nm to ≈ 15 nm; areas with larger t a values corresponded to areas with smaller M s values and larger F po values, all of which are expected in areas with more conditioner on the hair surface. Away from the cuticle edges, t a was more uniform, with an average value of 6.6 nm ± 0.4 nm. The resulting h values for the conditioned hair are consistent with estimates based on material deposition [6] . It is important to note that AFM was utilized here only to identify the presence and thickness of the surface coating, but with further experiments, could also be used to identify the composition of the coating. Figure 3 (a) and (b) are optical microscope images of multiple line crossings on plain copy paper; in both images, the laserjet printer ink appears black and the ballpoint pen ink appears blue. The printer ink and ballpoint pen ink are similar in that both appear fairly homogeneous and smooth the surface of the underlying paper, which is rough due to its fibrillar structure. However, higher resolution techniques such as AFM [9] , SEM [38] [39] [40] , and laser profilometry [41] have been used to show that the two inks actually exhibit different morphologies, with the ballpoint ink dense and smooth and the printer ink granular and rough. In addition, these same studies have shown that variations in the surface topography near line crossings can be examined to detect the order in which the inks were placed on the paper. In the following, we show that AFM may provide an additional metric by which to assess the general class of ink and the order in which inks cross, namely the assessment of their mechanical properties.
Questioned Documents
AFM height, pull-off force, and indentation modulus data over 5 μm × 5 μm regions for pen/paper and printer/paper interfaces are shown in Fig. 3(c) and (d) , respectively. In both cases, the height data showed that the ink was deposited on top of the paper, with a step height of ≈ 1.2 μm for both the printer ink and ballpoint pen ink. Conversely, the mechanical properties of the two inks were markedly different; the ballpoint pen ink exhibited M s and F po of 1.1 GPa ± 0.2 GPa and 17.3 nN ± 3.5 nN, respectively, whereas the printer ink showed M s and F po of 1.8 GPa ± 0.8 GPa and 6.2 nN ± 2.5 nN, respectively. These results reveal two important differences between the inks, the first based on the average values for M s and F po and the second based on the variability in M s and F po . On the first point, the average values for M s and F po of the two inks differed by factors of two and three, respectively, with the ballpoint ink exhibiting smaller M s but greater F po . On the second point, the variability in M s and F po was also different for the two inks; the ballpoint pen ink exhibited much smaller uncertainties relative to the mean values than the printer ink, which is consistent with previous data that suggest that the ballpoint pen ink is dense and smooth and the printer ink is granular and rough [9, [38] [39] [40] [41] . In all, this study provides some of the first quantitative evidence that different inks exhibit different mechanical responses, and thus significantly extends previous qualitative work [9] .
Furthermore, the mechanical properties of the underlying paper were considered as shown in Fig. 3(c) and (d). Both M s and F po were moderately heterogeneous due to the fibrillar structure (i.e., the surface roughness dictates the contact geometry and consequently the measured properties) and composition (i.e., the constituent properties and their proportions dictate the measured properties) of the paper. Despite the variability, the average values for M s and F po were consistent between the two images, which affords additional support for the differences between the two inks discussed above. In more detail, M s and F po for the paper were found to be 6.0 GPa ± 3.6 GPa and 14.2 nN ± 7.5 nN, respectively. Interestingly, M s is in good agreement with published values for microcrystalline cellulose (6 GPa to 9 GPa) [42] and at the lower end of the spectrum for nanocrystalline cellulose (6 GPa to 50 GPa) [43] [44] [45] . The latter disagreement is not surprising given the low crystallinity in the plant and wood fiber used in paper (43 % to 65 %) relative to that in nanocrystalline cellulose (54 % to 100 %) [46] .
Impression and Pattern Evidence
Figure 4(a) shows a schematic diagram of a fingerprint impression. As shown, there are two different types of structural characteristics that allow fingerprint examiners to compare impressions and make identifications: pattern types and minutiae. Pattern types (e.g., arches, loops, and whorls) are class characteristics that are not unique to the individual, while minutiae (e.g., bifurcations, dots, and endings) are features that are unique to the individual [47] . Both pattern types and minutiae are used to match an impression of interest to an impression in a database. However, there are many challenges in the comparison process, mostly due to variability in the (1) residue characteristics, (2) deposition conditions, (3) substrate conditions, (4) environmental conditions, and (5) enhancement methods [48] . For example, the initial residue composition (point 1) is a combination of numerous substances from the epidermis [49] , dermis [50] , and extrinsic contaminants [51] , with the exact properties dependent on the ratio of the three components [48] . Moreover, on point (3), it has been found that the porosity [52] and roughness [18] of the surface influence the composition and aging kinetics of a fingerprint, as they determine the adsorption rates of the water-soluble compounds in the residue and the effectiveness of the print detection scheme, respectively. As a result of the many confounding factors that contribute to the final characteristics of the print, it is necessary to utilize methods that both "look" and "feel" the print surface, as they not only provide information regarding the print's owner, but also insight into the print's composition and age. Figure 4 (b) shows a SEM image of a fingerprint on a silicon surface. The fingerprint ridges were formed by aligned mounds of residue, faintly visible in Fig. 4(b) . AFM height data over a 5 μm × 5 μm region containing a mound within a single ridge 0 days and 3 days after deposition are shown in Fig. 4(c) and (d) , respectively. A cross-section of the data as illustrated in Fig. 4(e) indicates that the maximum height h of the residue decreased from ≈ 200 nm to 100 nm over a 3 day period. More importantly, the volume of material decreased during that time, as evident by the decrease in the integrated area under the cross-sectional profiles. The aging process of a fingerprint involves the alteration or disappearance of the initial compounds via degradation, evaporation, migration, and polymerization [48] . The most significant process involves the loss of water via evaporation, as this is the main constituent in fingerprint residue. In detail, one study reported an 85 % reduction in the weight of a fingerprint over a two-week time Fig. 3 (a) and (b) Optical microscopy images of line crossings on plain copy paper; in both images, the laserjet printer ink is black and the ballpoint pen ink is blue. AFM height (left column), pull-off force (middle column), and indentation modulus (right column) data for (c) pen/paper and (d) printer/ paper interfaces period, which was primarily attributed to water loss [53] . Moreover, the amino acid content in a fingerprint on paper was found to decrease by a factor of two after 236 days, suggesting that amino acids are also unstable with time [54] . AFM pull-off force data over the same area after 0 days and 3 days are shown in Fig. 4(f) and (g), respectively . A crosssection of the data as illustrated in Fig. 4(h) also indicates a decrease in F po over a 3 day period. This decrease in F po could simply be attributed to the decrease in the maximum height as shown above, but could also be due to a change in the surface energy of the residue, which would change w and thus F po . This represents some of the first work on the mechanical response of fingerprint residue, and it is clear from the changes in h and F po that AFM is sensitive to changes to both the residue shape and material properties over time.
Explosive Materials
Unlike the three previous example studies, the study on explosive materials was conducted via colloidal-probe AFM, which employs a microscale colloidal sphere as the probe tip. As a result, the probe tip is no longer restricted to silicon or silicon nitride, and can be modified with trace amounts of material (e.g., explosive particles) to conduct adhesion measurements on various surfaces. Such an approach has the potential to augment bulk detection schemes such as X-ray or neutron imaging, which require large quantities of explosive materials, and vapor and particle detection systems such as optical and mass spectroscopy and chromatography, which run into problems with the depressed vapor pressures, small sample sizes, and sampling and surface contaminations commonly associated with many explosives [55] . Accordingly, there have been a number of studies that have used colloidal-probe AFM to examine the adhesion between explosive particles and surfaces, with TNT, RDX, and PETN as the explosives and different model metals and polymers as the surfaces [22, 23, 25] . In the following, we extend colloidalprobe AFM to assess the adhesion between explosives and different fabric types. Explosive/fabric adhesion studies are vital, not only because they provide information regarding a particle's affinity for clothing, but also may enable insight into the efficacy of different detection schemes [56] . Figure 5 (a) shows a SEM image of a TNT microsphere attached to an AFM cantilever and Fig. 5(b) and (c) represent optical microscopy images of the cotton and rayon fabrics, respectively. The images of the cotton and rayon fabrics indicate that there are slight differences in the weave, but at higher magnifications, the disparities between the two fabrics became less evident (i.e., individual fibers in the two fabrics AFM height data within a single ridge after (c) 0 days and (d) 3 days; a cross-section of the height data (section AA') is shown in (e). AFM pull-off force data in the same area after (f) 0 days and (g) 3 days; a cross-section of the pull-off force data (section AA') is shown in (h) were found to have diameters of ≈ 20 μm, in agreement with previous work [57] ). Representative F-δ curves for both cotton and rayon (retract portions only) are shown in Fig. 5(d) , along with their respective JKR fits. From the fits, it was established that the two fabrics exhibited very similar M s , i.e., 29.0 MPa ± 8.0 MPa for the cotton and 30.7 MPa ± 7.0 MPa for the rayon. Two potential reasons that the M s values are considerably smaller than those reported [57] for individual cotton and rayon fibers (3 GPa to 11 GPa) include: (1) the microsphere is in contact with multiple fibers and/or (2) the fibers in the fabric are loosely bound thus allowing them to bend in response to the applied force. In contrast, the two fabrics exhibited markedly different F po ; in more detail, the pull-off force between TNT and rayon was a factor of two greater than that between TNT and cotton. Two potential explanations for the change in F po include differences in the surface roughness and work of adhesion. On the first point, one study showed that certain combinations of roughness between the particle and surface brought about preferred particle-surface orientations, thus producing larger values for F po (i.e., larger contact areas give rise to larger pull-off forces) [23] . On the second point, another study discovered that certain surface chemistries brought about larger w, again resulting in larger values for F po (i.e., −OH and -C 6 H 5 end groups give rise to larger pull-off forces) [25] .
Discussion and Conclusions
The example studies presented here demonstrate that AFM can be used for both topographic imaging and quantitative mechanical properties measurements of materials that often appear as forensic evidence, in this case hair, ink, fingerprint residue, and explosive particles. A very simple measurement procedure of an approach-retract sequence for the AFM cantilever followed by subtraction of the cantilever displacement from the raw force-displacement output led to the forcedeformation data characterizing the probe-sample interaction. Analysis of these data using a well-established model [28] enabled quantitative determination of the adhesion between the probe and sample and the stiffness of the sample. The use of this particular model is justified here, given that the Tabor parameter [58] μ varied from 4 to 8 for the first three case studies and was ≈ 500 for the last study, based on R values from SEM, M s and w values from AFM, and an equilibrium separation of z 0 = 0.2 nm from ref. [59] . However, for other forms of evidence, R, M s , w, and z 0 will change and different contact models may be more appropriate [60] . Furthermore, the pull-off forces and moduli obtained were able to clearly distinguish various treatments of hair, types of ink, age of fingerprints, and composition of fabrics, and related these to structure of the sample (e.g., broken bonds in the hair, granularity of the ink). Mapping of the properties provided a sense of the homogeneity of the materials and enabled statistically significant numbers of measurements to be performed. As an example, the M s and F po measurements in the first three case studies were carried out at each node of a 64 × 64 grid over a 5 μm × 5 μm area, leading to means and standard deviations based on > 4000 data points.
The last point above is particularly important with regard to needs in forensic research defined in a recent National Academy of Sciences report [61] : studies establishing the scientific bases demonstrating the validity of forensic methods and development of quantifiable measures of the reliability, accuracy, and uncertainty of forensic analyses. The research also addresses needs in forensic science identified by the National Institute of Justice [62] : improved capability to expand the information extracted from evidence and to quantify its evidentiary value. The measurements here of mechanical properties generated well-defined means and standard deviations for the measured quantities and are thus examples of the first step in establishing AFM as a useful forensic evidence tool. These quantities enable the second step of straightforward tests and quantitative specification of the statistical significance of the perceived similarities or differences in properties. Such specification relies on the precision of the measurements (that is, how tightly the measured quantities group about the mean value). In order to ensure adequate precision for useful AFM forensic studies, methods will need to be developed to examine statistically relevant sample numbers and to search large areas for small items. Comparison of properties measured in different laboratories or with standard samples will require specification of the accuracy of the measurements (that is, how closely the measured mean value approaches a "true" or accepted value). Accuracy of AFM for forensic studies will require calibrations methods for the displacements of the xy scanner and the z piezo (as these determine the length scales of the measurements) and the stiffness of the cantilever (as this determines both the force sensitivity and the relation between z piezo displacement and probesample deformation). Specification of accuracy will require standard artifacts for use as reference materials that can be measured in different laboratories. Such artifacts might include standard hair, fibers, and particles. In addition, collected pieces of evidence will inevitably contain surface dust, dirt, or liquid films, and the potentially confounding effects of such surface residue on both the precision and accuracy of AFM measurements will need to be quantified. Finally, it is to be recognized that as with all techniques, building of an experience base for quantitative AFM forensic evidence generation is required in order to build trust in AFM techniques. Pervasive availability of appropriate instruments, training, protocols, and standards is thus required.
